The membrane potential difference, the net H+ exchange rate, the K' net flux, and the K' ("Rb') influx were measured in excised corn roots as functions of the K' concentration in the medium at various pH values, in the presence of poorly permeant anions. The roots behaved as a K+/ H exchange system. By comparing the results in normal or hypoxic conditions, or in the presence of vanadate, it was possible to distinguish the active components of membrane potential and transports from the passive ones. The magnitude of the electrogenic potential was not related to the active H extrusion rate. At pH 6, the variations of the electrogenic potential resulted from variations of the stoichiometry of the active H+/ K' exchange. The same relationship between this stoichiometry and the K' concentration was observed in conditions ensuring different membrane polarizations (pH 6, pH 4, or pH 6 with fusicoccin). Both metabolic and Mg-ATPase specific inhibitors stopped the active H+ transport and the net K influx. Nevertheless, the tracer influx in the presence of vanadate remained higher than the passive influx calculated from the permeability coefficient determined in hypoxia. It is proposed that vanadate uncouples the K+ moiety of the H+/K+ antiport and allows it to mediate isotopic exchanges.
It is widely accepted that plant tissues are endowed with transport systems which extrude H+, hyperpolarize the membrane, and ensure the energetic coupling of K+ uptake (12) . These systems are probably driven by a vanadate sensitive MgATPase at the plasma membrane level, as has been indicated using biochemical (21) , and physiological approaches (8, 13, 17, 19) . The coupling between K+ and H+ transports may be either direct or indirect. Direct coupling has been proposed, based on indications of a net uphill K+ transport in some conditions (5, 7) . Indirect coupling or electrically driven K+ uniport, was suggested by the finding that the stimulation of H+ extrusion by the fungal toxin FC' needed the presence of an electrical shunt, which possibly could be obtained by other means than a K+ influx (1, 2, 15) .
The electrogenic effect of a proton pump may, in theory, be regulated via the activity of the pump itself, or via the control of the K+ shunt (20) . One approach to the question of the H+/K+ coupling in corn roots is the analysis of the effect of K+ on the 'Abbreviations: FC, fusicoccin; Em, measured membrane potential; Ehy,, calculated electrogenic component of Em; P, permeability coefficients; Jnet, net flux; Jin, tracer unidirectional influx; JW, Jps, active, respectively passive, components of the unidirectional influx; BTP, 1,3-bis(tris(hydroxymethyl)-methylamino)propane; FCCP, carbonylcyanide p-trifluoromethoxyphenylhydrazone; KIDA, potassium iminodiacetate; PD, electropotential difference. electrogenic component ofthe membrane potential ofcorn roots. On the basis of a mathematical analysis of the effects of K+ concentration on K+ influx and membrane potential, Cheeseman et al. (3, 4, 6) concluded that the concentration dependent hyperpolarization results from a progressive replacement of an active H+-K+ antiport with variable stoichiometry by an active H+ uniport associated with a passive K+ uniport, i.e., that control is via the rates of H+ and K+ pumping. This conclusion implies that part of the K+ influx is active on thermodynamic grounds, as indicated by Cheeseman and Hanson (5) for the 9 to 17 gM K+ concentration range. It also implies that the active K+ channel would close at high K+ concentration, since it does not seem to mediate the exergonic influx.
The increase of the K+ concentration or the membrane depolarization may be the signal which activates the control of the electrogenicity. Cheeseman et al. (4) assumed a direct kinetic control by the K+ concentration. On another hand, the evidences for indirect (electrical) coupling between H+ and K+ transports (1, 2, 15) favors the hypothesis of an electrical signal (13) .
In this paper, we reconsider the nature of the system which controls the electrogenicity, by comparing the active H+ and K+ transports. The nature of the signal which activates this system is also studied by measuring K+ (Em) were measured in the 20 to 25 mm region from the apex by inserting a glass micropipet in a cell of one of the three first layers of cortical cells. The external medium was continuously renewed. The pH of the flowing solution was monitored using a combined glass pH electrode located downstream in the perfusion chamber. Vanadate was added in media when indicated, as the Na+ salt. Media saturated with CO were contained in closed medical perfusion flasks, each connected to a rubber blister, initially filled with CO. It was progressively emptied during percolation. In this way CO was maintained at atmospheric pressure in the flasks over the media. A cover, sealed with vacuum grease and pierced with a hole for the micropipet, was set on the flowing chamber over the root. This procedure made it possible to obtain, in the dark, a rapid and stable depolarization without adding any chemical to the experimental medium. The external K+ concentration was progressively increased from the lowest concentration to the highest, each bathing the material for a 10 min period. This time interval allowed stable potentials to be recorded. When studying the effect of vanadate, the pre-equilibration period was 5 min. Only five K+ concentrations were used in each run, so that its total duration did not exceed 50 min. It was verified that the results for a given K+ concentration did not depend on the concentration used for the previous measurement.
Potassium (8' Rb') Influx. 86Rb4 was used as a tracer for K+ influx determination in the 2.5 uM to 50 mm range. Samples (approximately I g fresh weight) of excised roots were incubated for 8 min with the tracer and then rinsed four times in 200 ml of ice-cold 2 mm CaSO4 (15 s then 45, 90 and 150 s). Counting (Cerenkov effect) was done with a liquid scintillation counter (Packard). The labeling was such that there were about 2 MBq in the sample. The 86Rb4 influx experiments were performed with the same medium sequences that were used in Em measurements. During the 86Rb4 influx experiments, the media were bubbled with air or with CO. In the latter case, the experiments were carried out in the dark and the media were contained in closed flasks fitted with inlet and outlet gas circuitry. The tracer was injected through the rubber cover of the flask 2 min after the material had been introduced in the CO-saturated medium.
Net H' and K' Exchange Rates. Net H+ fluxes were measured at constant pH using a pH-stat device (Metrohm) (9) . Batches of 30 roots each, were mounted in devices ensuring that the xylem exudate could not flow back to the medium. Double junction reference electrodes were used to avoid KCI contamination of the media. Either 10 mN KOH or Ca(OH)2 or H2SO4 was used to maintain a constant pH. In these experiments it was not possible to use a CO bubbling; N2 bubbling which acted over a few min period was substituted. The K+ concentration in the medium was periodically assayed by flame photometry. The net K4 flux was calculated from the variations of the K4 concentration in the medium, corrected for the additions of KOH when this base was used.
Vanadate. A 50 mm stock solution (pH 8) was prepared at room temperature with Na meta-vanadate (Merck).
RESULTS
Effects of K+ Concentration and pH on E..The effects of K4 concentration and of pH on Em in aerated media and in media saturated with CO are shown in Figures 1 and 2A (no Ca24 in the media). Figure 3A shows the results obtained at pH 6 in the presence of Ca24. The hyperpolarizing effect Eh, of the proton pump was estimated from the magnitude of the depolarization induced by CO. It first decreased as the K4 concentration increased from 2.5 to 25 gM, and then increased in the 25 Mm to 25 mm range. The same behavior was observed using 100 gM (Fig. 2B ) or 200 Mm (Fig. 3B ) orthovanadate in place of CO, or using KIDA in place of K2SO4 (data not shown). In the presence of Ca24 (Fig. 3B) , Eh,,p reached larger values at high K4 concentrations than it did in the absence of Ca24 (Fig. 1) . In both cases, it attenuated the membrane depolarization induced by high K4 concentrations.
Eh), increased with pH ( Fig. 2B) . At pH 4, it was nearly insensitive to the K+ concentration up to 10 mM.
Potassium Fluxes. The effect ofthe K4 concentration on 86Rb4 influx at pH 4, pH 6, and pH 8 are shown in Figure 4A . The observed kinetics are typical of the so-called dual mechanism (10) . In media saturated with CO, mechanism I was absent ( Figure 2A; Figure 3 (Fig. 8A) .
this pH. Figure 8A shows Control of the K' Permeability. The permeability coefficients of K+ were estimated with the assumption that they were not modified in the presence of CO. The data of Figures 2, 3 , 5, and 6 (Em and tracer influxes in the presence of CO) were used with the Goldman relation for calculating PK (Table III) . From 3B ). In the same concentration range, PK was found to decrease from 2.6 10-9 m*s-' to 0.7 10-9 m*s-' (no Ca2"), or from 1.3 10-9 m-s-' to 0.6 10-9 m-s-' (0.2 mM Ca2"). The lower values Of PK in the presence of Ca2" may be due to its depolarizing effect on the membrane surface charge as known for the squid giant axon (1 1). The Nernst criterion applied to the experimental conditions of Figure 7 , assuming that the cytoplasm contained 100 mm K+, predicted that the K+ equilibrium potentials were more negative than the observed E. values (Fig. 1 ) from 2.5 to 250 ,M K+ in the medium. Thus, the net K+ influx measured in this range seems to be active. For higher concentrations, the effect of the decrease of PK on Em was evaluated, assuming that the net K+ influx (Fig. 7) is via the passive channel. Applying the Goldman relation showed that the variations of PK with the K+ concentration in Table III (Fig. 4B, pH 6) . B, Comparison of Eb,p (Fig. 2B ) and the estimated net charge transport by the pump. The latter is calculated as the difference between the curves of the flux of K+ and H+ shown in panel A.
pump. Both the rate of the H+ pumping and the net charge transferred per H+ determine the value of this current. From 10 Mm K+ to 25 mm K+, the rate of the H+ extrusion increased at pH 6 from about 4 ,mol.h-'-g-' fresh weight to 7 Mmolh'-. g ' fresh weight (Fig. 8A) , and the net K+ influx showed a similar behavior (Fig. 7) . As discussed above, this variation of the pumping rate alone cannot explain the increasing hyperpolarization in Figures 2B and 3B . In the same way, the results of Table I eliminate the acceleration of the H+ pumping as the cause of the increase of the electrogenic effect of the pump between pH 4 and pH 8 (Fig. 2B) . Rather, the control of the electrogenicity must depend on the net charge transported per elementary cycle of the pump, i.e. on the presence of a direct K+/H+ exchange with variable stoichiometry, as proposed by Cheeseman and Hanson (4) . Using the passive permeability coefficients determined in anoxia or with uncoupler for calculating the passive component of the influx in the normal situation, these authors obtained complex kinetics for the active component. They hypothesized two antagonistic effects of K+, namely an activation of the H+ extrusion system and a progressive inhibition of its K+-transporting moiety. The theoretical curves in Figure 4B were calculated in the same way, using the PK values (Table III) derived from the data on Figure SA . At pH 4.0, 6.0, or 8.0, the influx was mostly active in the micromolar concentration range. It is progressively replaced by the passive influx as the K+ concentration increases. The increasing difference between the active K+ influx (Fig. 4, pH 6 .0) and the active H+ efflux (Fig. 8A) measures the net charge transport responsible for the electrogenic potential (Fig. 8B) (Figs. 1 and 3A) . This was due to the observed lower values of PK (Table III) . Thus, the increase of Eh,p as a function of the external K+ concentration in the presence of Ca2+ was due to the progressive inhibition of the active K+ transport, as in the absence of Ca2". Ca2" increased the efficiency of this system to oppose the membrane depolarization at high K+ concentrations by reducing the permeability of the passive K+ shunt.
The data of Table II indicate that FC accelerated the net H+ extrusion and the 86Rb+ influx, without modifying the stoichiometry of the pump, as judged from the JHne/JK' ratios both in 100 Mm K+ and in 10 mM K+. Furthermore, it did not seem to modify the passive K+ permeability. Thus, the hyperpolarizing effect of FC simply results from the acceleration of the pump, while the transferred net charge remains fixed at the value necessary for Em control in the absence of the toxin. The hyperpolarizing effect of FC was stronger in 100 ,AM K+ than in 10 (Table I) . Thus, the increase of the electrogenic component of Em with the pH (Fig. 2B) probably did not result from the acceleration of the pump. On the other hand, the comparison of the curves of the total 86Rb+ influx and of its active component (Fig. 4) reveals that the stoichiometry of the direct H+/K+ exchange was not dependent on the pH. Thus, the mechanisms of the hyperpolarization in response to increasing K+ concentration and increasing pH, are probably not the same. The permeability coefficient of HI was estimated with the help of the Goldman relation using the values of the passive influx and the measured Em in the presence of vanadate or in hypoxia (Fig.  2A) . The cytoplasmic pH was taken as 7.5 (18) and the exchange surface area as 0.1 m2.g-fresh weight (14) . PH was 5.4 10-8 m s' at 100 iM K+ (JHnet = 5 umolh-' h g' fresh weight, Em = -64 mV), and 3.5 108 m s' at 10 mM K+ (JHnel = 2.5 ,molh-'. g-' fresh weight; Em = -42 mV). Thus, PH was 45 to 58 times higher than PK (Table III) , which agrees with the results ofPitman et al. for barley roots (16) . Assuming that the values of PH were the same in the absence of inhibitors, and using the measured values of Em in aerated 5 mm K2SO4 (Fig. 3) , it was possible to estimate the passive influxes of K+ and H+ at pH 4 and pH 6. Such a calculation indicated that 80% ofthe net charge extruded by the pump reentered the root as H+ at pH 4, and 0.5% at pH 6. In spite of the considerable uncertainty about the significance and values of PH, it may be concluded that the decline of Ehyp with decreasing pH (Fig. 3) resulted from a progressive shift from a low conductance shunt (K+) to a high conductance one (H+). This hypothesis is in accordance with the virtual insensitivity of Ehy, to the K4 concentration at pH 4 ( Fig. 2) .
Both vanadate and hypoxia largely suppressed the active net influx (Fig. 7) . Nevertheless, only the hypoxia inhibited the tracer active influx. This 
